Introduction
Bandpass filters (BPF) in the frequency band from 2 to 5
GHz in the modern mobile wireless communication systems are usually off-chip surface acoustic wave (SAW) or low temperature ceramic co-fired (LTCC) filter. Recently, CMOS BPFs for a single RF transceiver chip have been developed, driven by reduced costs and decreased RF system design times. In conventional miniaturized coupled line filters with step impedance resonators (SIR) (Makimoto, 1980) , the center frequency is shifted when a filter substrate's effective permittivity is changed. This means that the center frequency is varied when the integrated filter is packaged or mounted onto a circuit board. It is inherently difficult to tune out this frequency variation within the integrated circuit environment.
In this paper, this problem will be addressed by using highly miniaturized BPFs fabricated using the CMOS process. The center frequency of an integrated BPF will be mathematically proven to be stable no matter how it is packaged, when it is highly miniaturized. This will also be confirmed by both electromagnetic simulation and measurement.
CMOS integrated bandpass filter

Conventional SIR Bandpass Filter
A traditional compact SIR BPF has been shown in Fig. 1 , 
Here, εeff is the effective permittivity and λ0 is the free-space wavelength at the resonance frequency. Since coplanar waveguide is usually used in the CMOS process, the characteristic impedance of coplanar waveguide is given by (Wadell, 1991 
where K is a constant which is determined by cross-sectional geometry of the waveguide. When εeff changes, the left hand side of (1) does not change because εeff is cancelled in the numerator and denominator. It can be seen from the right hand side of (1) that the center frequency will shift as εeff changes.
Highly Miniaturized CMOS Bandpass Filter
In contrast, consider now a highly miniaturized coupled line BPF with a short electrical length. When the even and odd impedance of the coupled lines are nearly the same, BPF miniaturization can be realized (Kang, 2007a) . 
where α and β are the attenuation and propagation constant of even mode coupled line. α' and β' are attenuation and propagation constant in the miniaturized line with the characteristic impedance of Z in Fig. 2(b) .
Here, the focus we interested in (3) is the imaginary part of the denominator. The resonance condition is satisfied if the imaginary part is zero, and this section also decides the center frequency of a BPF.
The attenuation constant is composed of conductive loss and dielectric loss. This in the coplanar coupled line can be expressed as (Gopinath, 1982) , (Ghione, 1997) 
where K' is a constant to be related to geometrical cross-section. So that in (8), if we assume the thickness of substrate is very thick, the following is satisfied
Since the permittivity of Si substrate is 11.9, εeff is nearly equal to εr/2. In this case, εeff in (7) can be canceled.
It can be proven that when the value of εr varies, the center frequency in (7) will be stable. This means when the chip using RF-CMOS process is being packaged, no matter what is the relative permittivity of the package, it will not cause the changes of frequency characteristics, which can be a great merit for designers and manufacturers. In order to confirm the same situation with the frequency stability of miniaturized BPF above, we fabricated an RF-CMOS chip with the die area of 1500μm × 1000μm. 
Simulations and measurements
Simulated Results
In order to support (7), BPF circuits with different substrates have been simulated using HFSS. Fig. 3 Fig. 3 The structure of the BPF with different substrates Fig. 4 The simulated results of the BPF with different substrates by HFSS
Measurement Results
The die micrograph in Fig. 5 shows a fabricated integrated BPF with pads, with total die area (including the capsulated ground plane) of 1500 µm × 1000 µm. It was manufactured by the Magna chip 0.18 µm CMOS process.
The measured results of this BPF are plotted in Fig. 6 . The different colour of each line has the same meaning in Fig.4 .
Its insertion loss of 100µm Si substrate situation is about -5.14 dB with return loss of -29.7 dB. Though the insertion loss of -5.14 dB is too lossy, this approach had one of best quality factors in the CMOS process (Kang, 2009b) The simulated result shows an excellent wideband agreement with the measured result.
The characteristic curve under the situation when the relative permittivities are 5.8 and 36, respectively, which are the ceramic materials fabricated from LTCC, agreed well with the presumption in (7), as the difference of relative permittivity will not cause the change of center frequency.
Nevertheless, when the bottom of 100 µm substrate connects directly to the ground, center frequency moves to the right. This fact supports that material which is under substrate height of 100 µm still has an effect on the characteristic of miniaturized coupled line filter. 
